Introduction
Urged by the rapid depletion of fossil fuels and increased environmental issues, great efforts have been devoted to the production of sustainable biofuels from biomass.
1,2
In comparison with other sugars, glucose is the most abundant hexose contained in lignin biomass, considered as the most valuable bio-derived carbon resource, and it plays a vital role in the conversion of biomass to biofuels and chemicals. [3] [4] [5] Thus, the high-efficiency transformation of glucose to platform chemicals has aroused much attention in recent years. 6 Among those prospective chemicals, HMF and EMF are thought highly of as promising building blocks for the application of renewable resources.
5-hydroxymethylfurfural (HMF), a valuable biomass-derived platform compound, referred as the bridge between renewable resources and chemistry chemicals. [7] [8] [9] Glucose, a most widely distributed monosaccharide in nature, has been exploited in the production of HMF and furan compounds. 10 There are two ways to convert glucose to HMF, one is direct dehydration of glucose to HMF; the other mainly comprises two steps, rstly, glucose is isomerized to fructose, aer that, HMF can be obtained in the dehydration of fructose. 11 Compared to the one-step method, the current two-step process is studied more extensively and Lewis acid plays a vital role for the isomerization of glucose into fructose in two-step process. 12 Therefore, the combination of Lewis acid and Brønsted acid is extremely important in order to transform glucose efficiently. 13 Nikolla et al. exploited the synthesis of HMF from glucose in the combination of HCl and Sn-beta catalyst in THF/H 2 O-NaCl system, HMF yield (56.9%) and glucose conversion (79%) was obtained aer 70 min at 180 C.
14 In contrast to homogeneous catalyst (HCl, H 2 SO 4 , H 3 PO 4 ), solid acid catalyst shows many advantages such as low corrosivity to the reactor, easy separation aer reaction and more stable at high temperatures.
15
Thus, the production of HMF over solid acid catalysts have been studied diffusely in recent years. Ohara et al. synthesized a catalyst with combination of Amberlyst-15 and hydrotalcite to catalyze glucose to HMF in DMF solvent system, HMF yield (41%) and glucose conversion (71%) was achieved at 373 K in 3 h. 16 Thombal et al. prepared a solid acidic catalyst by mixing b-cyclodextrin and p-toluenesulfonic acid, with a reaction time of 5 h at 453 K, the HMF yield was 47% in DMSO. 17 In addition, enormous attention was paid to ionic liquids (ILs) in recent period time. By combining and modifying the cations and anions properly, the properties of obtained ILs (polarity, hydrophobicity and dissolving capacity) could be t better to adapt to the reaction. [18] [19] [20] [21] Detail works with careful design of IL has been done systemic which demonstrated that the transformation of glucose to HMF could be enhanced signi-cantly.
22, 23 Zhang et al. prepared a heterogeneous catalyst (Cr-HAP) by combining hydroxyapatite and chromium chloride, and the catalyst was used in the dehydration of glucose in [BMIM]Cl, HMF yield of 40.2% with glucose conversion of 77.9% were obtained in 2.5 min with the aid of microwave irradiation. 24 Chen et al. utilized Cr(CO) 6 as catalyst for the transformation of glucose into HMF in [EMIM]Cl, aer 6 h at 120 C, affording the HMF yield of 50%. 25 Although ILs has achieved great progress, its exorbitant price impose restrictions on the production of HMF and subsequent separation aer reaction is also difficult. In this work, HMF is also a crucial intermediate product in the process of glucose conversion to EMF.
5-ethoxymethylfurfural (EMF), regarded as fuels or fuel additives, has high energy density (8.7 33 For the long time cost and low yield of EMF, people were inspired to hammer at ameliorating catalyst. In Yan's work, CrCl 3 showed excellent catalytic efficiency in the conversion of carbohydrates. 34 But as it known to us, Cr belongs to heavy metal and do harm to the environment with some toxicity. Recently, via the good deal of work of Yu Yang and Hu, Li, AlCl 3 $6H 2 O was also proved to be a preeminent catalyst in the production of EMF, high yield with expectation achieved.
35,36
Both HMF and EMF are the vital platform chemicals in the conversion of carbohydrates, of which is worthy studied in depth, furthermore, EMF was obtained in the further etherication of HMF. [14] [15] [16] [17] [18] [19] [20] [21] 24, 25, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] And the study of direct conversion from glucose to EMF is particularly deserved. Thus, in this study, the dehydration of glucose to HMF was investigated by regulating reaction times, temperatures and the ratio of deionized water to organic solvent, some valuable chlorides (FeCl 3 $6H 2 O, SnCl 4 $5H 2 O, CrCl 3 $6H 2 O, etc.) were also been compared. The further etherication from HMF to EMF in the process of glucose conversion was also explored in ethanol/H 2 O. Apart from the inuence of reaction times and temperatures, DMSO, dioxane, THF, MIBK, GVL were added extra to ethanol/ H 2 O to explore the inuence of added second organic solvent.
Previously, in the transformation of corn stalk into furfural, our group prepared a novel heterogeneous strong acid catalyst (PTSA-POM) by polymerizing p-toluenesulfonic acid (PTSA) and paraformaldehyde (POM) in the presence of H 2 SO 4 , and achieved signicant results. 37 Due to its easy preparation and excellent recyclability, the further application of PTSA-POM was explored in the dehydration of glucose in this paper. As for solvent, g-valerolactone (GVL), a green solvent that can be obtained from biomass, was selected and proved to be a good solvent in the conversion of carbohydrates into furan compounds. [38] [39] [40] Ethanol plays a decisive role in the etherication of HMF to EMF, not only acted as a green solvent, but also as a reactant. According to our reported literature, 37 the details of synthesis of PTSA-POM as following: rstly, 0.2 ml sulphuric acid (98%) and 10.0 g PTSA-H 2 O were put to a three-necked roundbottomed ask with magnetic stirring and reux condensation which was heated at 110 C. Then 4 g POM added immediately aer PTSA-H 2 O melted completely. The reaction temperature was kept at 110 C for 8 h, then adjusted to 130 C for 24 h to form a black solid. Aer that, the obtained solid was ltered and washed to pH ¼ 7 with deionized water. Drying at 120 C is necessary and then ground to powder. Finally, the resulting sample was calcined in muffle at 185 C for 6 h.
For the production of HMF, reactions were carried out in a 48 ml pressure thick wall tube with oil-bath heating accompanied by 500 rpm magnetic stirring. As for EMF, because of the high temperature, a certain pressure will be produced in the reaction process by ethanol. Therefore, taking security into account, glucose, catalysts and solvents were loaded and sealed in a 25 ml autoclave. The autoclave was heated to desired temperature from room temperature in 30 min and also stirred magnetically at 500 rpm. Aer the reaction, both tube and autoclave were immersed in cold water immediately to terminate the reaction. Diluted and ltered liquid was analyzed using HPLC.
HPLC (waters 515 pump, equipped with an UV/Vis Detector (Waters 2489) using Waters Symmetry-C18 column(5 mm, 4.6 Â 150 mm) and a Rrefractive Index Detector (Waters 2414) using Waters XBridge Amide column (5 mm, 4.6 Â 150 mm)) was used to analyze diluted samples for HMF yield, EMF yield and glucose conversion. [33] [34] [35] Authentic samples of HMF and EMF were used as standards, which calibration curves were applied to quantify.
HMF yield, EMF yield and glucose conversion were calculated as follows:
HMF yield ¼ (moles of HMF in products/ moles of initial glucose) Â 100%, and decreased severally aer reached the optimal values. Indicated that in higher temperatures, prolonged reaction time rstly promoted the transformation of glucose to HMF, aer reached the optimal values, the effect of time on the reaction is not as obvious as at low temperature on HMF production. Throughout the whole reactions, highest yield 60.7% of HMF was achieved at 140 C in a short time (60 min).
Glucose is well converted in GVL/H 2 O solution and almost all the reactions conversion were over 90% even though the temperature was as low as 130 C. As for higher temperature of 140 C and 150 C, complete conversion of glucose was achieved both in 60 min. It was clear that higher temperatures is more conducive to the conversion of glucose. In this section, based on the optimal conditions found above, comparative experiment was also made on acid added. The results are shown in Table 2 . From which we can learn that the yield of HMF was much promoted on the dehydration of glucose by combining PTSA-POM and AlCl 3 $6H 2 O, compared with only PTSA-POM or AlCl 3 $6H 2 O added. To our knowledge, compared with PTSA-POM, glucose is isomerized to fructose easily in the presence of AlCl 3 $6H 2 O, and some H + will also be formed when AlCl 3 $6H 2 O dissolved in water, and the production of HMF from fructose is easy to carry out in GVL/H 2 O with H + . Then, with PTSA-POM added, the dehydration of fructose to HMF could be enhanced and the yield of HMF could be promoted. Therefore, the activity in the reaction may due to the conjunction of these two acids.
Apart from the effects of temperature and time, we judged that different water content could also has a signicant inu-ence on the dehydration of glucose to HMF. In view of this conjecture, great deal of efforts was made for the study of the effect of different water content. The results were summarized at Table 3 , and results are highly consistent with our expectations, water added has a signicant effect on HMF production. a Reaction conditions: 0.4 g glucose, 0.2 g PTSA-POM, 15 ml GVL and 1.5 ml DIW, 140 C (30 min heating-up time), 20 min, 500 rpm. As for entry 1 and 2, we applied pure water and GVL as solvent under the optimum reaction condition, respectively. Apparently, very low yields of HMF were obtained both of them, only 1.2% in 16.5 ml water and 3.5% in pure GVL. Moreover, reaction with much water could pull down the conversion of glucose conspicuously, from 98.1% to 14.3%. From entry 3 to 11, different water content (0.5 ml, 1.5 ml, 3 ml) and xed addition of 15 ml GVL solvent systems were evaluated at three time points (40 min, 60 min and 80 min). On the overall trend, the yield of HMF was increased with the increase of water content from 0.5 ml to 1.5 ml and decreased aerwards with the water content continue increase to 3 ml. Besides, higher water content in the reactions would do harm to the conversion, 100% conversion of glucose was achieved in lower water content of 0.5 ml and decreased with the increase of water content, which was in line with entry 1 and 2. Furthermore, the highest HMF yield was obtained under the optimized condition in 1.5 ml H 2 O/15 ml GVL system (entry 7). In fact, though glucose conversion decreased apparently with increase of water content from 1.5 ml to 3 ml, the selectivity was almost keep the same, which indicated that when the water content has arrivals a certain value there is no signicant effect on selectivity of HMF production. And the comparison with previous catalytic system are shown in Table 4 . From Table 4 , we can also learn that low yields of HMF were obtained in pure water and GVL solvent (entry 1 and 2), which keeps consistent with the results we mentioned above. In addition to the effect of reaction temperature, time and water content, here some valuable chlorides are compared with AlCl 3 $6H 2 O and results were gathered in Table 5 . As exhibited in Abovementioned, glucose was transformed into HMF in the rst place and EMF was obtained with further etherication. In order to explore whether second organic solvent added will promote the production of EMF from glucose, in this section, DMSO, dioxane, THF, MIBK and GVL were added extra to ethanol/H 2 O system, respectively. As Table 6 demonstrated, highest HMF yield of 48% was obtained while lowest EMF yield of only 2.9% was achieved in entry 1 (DMSO added). Other organic solvents, including dioxane, THF, MIBK and GVL showed low selectivity towards HMF and EMF, and it is indicated that there is useless with organic solvent added in the production of EMF from glucose. Therefore, in the following study, ethanol/H 2 O solvent system without second organic solvent was employed in glucose-to-EMF. Table 7 exhibits the effects of temperature and time on EMF production from glucose by conducting the reactions in ethanol/H 2 O at 140 C, 150 C, and 160 C. It can be observed that prolonged reaction time facilitated the production of EMF at 140 C and 150 C. In comparison to lower temperatures, the rate of EMF formation was rather quick when the temperature was raised to 160 C, and EMF yield kept at a relatively stable value as time increased. Highest EMF yield 30.6% was obtained at optimal temperature and reaction time (150 C, 30 min) with glucose conversion of 97.9%. Throughout the whole reaction progress, HMF was rstly produced and then etheried into EMF. As Table 7 showing, HMF yields gradually reduced with reaction time extended during all temperature. Both higher reaction temperature and longer reaction time facilitated the further conversion of HMF to EMF, but HMF yield of 11.5% was still retained under the optimum reaction conditions, which highest EMF yield was achieved. Consistent with previous reports 35, 36, 49 that as an intermediate product, HMF could not etheried into EMF completely. EMF production process has similar glucose conversion trend with HMF production, the longer the reaction time and the higher the reaction temperature, the higher the conversion of glucose.
Conclusions
In conclusion, successfully furans' (HMF and EMF) preparation from glucose were carried out in different solvents in the presence of AlCl 3 $6H 2 O and a solid acid PTSA-POM, a series of inuencing parameters were evaluated and signicant results were acquired. The inuence of water content has been studied and found that certain water content (1.5 ml) in reaction system is benecial to HMF production. Some other available chlorides were also explored to compare with AlCl 3 $6H 2 O on the conversion of glucose into HMF, the efficiency of CrCl 2 and CrCl 3 -$6H 2 O are better than others. And we further discovered that extra organic solvent (DMSO, dioxane, THF, MIBK and GVL) added to ethanol/H 2 O system couldn't promote the production of EMF from glucose. Under the optimized conditions, 60.7% HMF yield with complete conversion of glucose was obtained in GVL/H 2 O, 30.6% EMF yield and 11.5% HMF yield were achieved directly from glucose in ethanol/H 2 O, respectively. Finally, due to the characteristics of cheap and nontoxic, described aluminum system shows a promising prospect for application.
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